Abstract: Plasmonic nanoantennas can significantly enhance the light-matter interactions at the nanoscale, and as a result have been used in a variety of applications such as sensing molecular vibrations in the infrared range. Indium-tin-oxide (ITO) shows metallic behavior in the infrared range, and can be used for alternative plasmonic materials. In this work, we numerically studied the optical properties of hexagonal ITO nanodisk and nanohole arrays in the mid-infrared. Field enhancement up to 10 times is observed in the simulated ITO nanostructures. Furthermore, we demonstrated the sensing of the surface phonon polariton from a 2-nm thick SiO 2 layer under the ITO disk arrays. Such periodic arrays can be readily fabricated by colloidal lithography and dry etching techniques; thus, the results shown here can help design efficient ITO nanostructures for plasmonic infrared applications.
Introduction
Infrared spectroscopy is a traditional characterization technique for the accurate detection of chemical and biological species thanks to the characteristic absorption bands of the consisting chemical bonds, which form the "fingerprints" of the molecules. However, it is facing increasing difficulty when the amount of the analytes becomes less and less down to the level of monolayers or a few molecules because of the extremely small absorption cross-sections of the molecules. Surface-enhanced infrared absorption (SEIRA) spectroscopy is an enabling technique that can dramatically increase the absorption cross-sections of the molecules with significantly enhanced near-field intensities [1] [2] [3] [4] [5] [6] [7] . In general, the SEIRA substrates employ rough surfaces, metallic nanoparticles, or lithographically-defined nanostructures. Due to the lighting-rod effect and the excitation of surface plasmons, metallic nanostructures, which are usually made from Au or Ag, afford enormous near-field enhancement around the nanostructure surfaces [8] [9] [10] . The plasmon resonances of the nanoparticles can be readily tuned by controlling the shape, material, and environment of the nanoparticles [11] [12] [13] . In particular, periodic nanoparticle arrays can be achieved by e-beam lithography (EBL) or focused-ion beam (FIB), providing better control over the spectral positions of the plasmon resonances that are preferred to overlap with the molecular vibrations for enhanced sensitivity [14, 15] . Besides nanoparticle-based SEIRA, there is another class of SEIRA that employs tip-based nano-IR systems and has achieved tremendous progress recently [16] [17] [18] . Such systems take advantage of the sharp-tip-induced large field enhancement to achieve ultrasensitive molecular detection with both high spectral and spatial resolution enabling promising applications for IR spectroscopy [19, 20] .
Traditionally, the noble metal Au is widely used as the plasmonic material due to its chemical stability, biocompatibility, and the ease of surface functionalization, which is particularly advantageous for biosensing applications. However, Au suffers from high intrinsic loss and an increasing price, which hampers its practical applications. Therefore, alternative plasmonic materials have been pursued by researchers [21] [22] [23] , and light metal aluminum (Al) has been revisited as an alternative plasmonic material in the visible as well as in the infrared range [24, 25] . The 2 to 3-nm thick natural oxide layer (Al 2 O 3 ) can not only protect the underneath Al metal from oxidation, but also provide a means for stable surface functionalization [26] [27] [28] [29] . Heavily doped oxide materials such as transparent conducting oxides (TCO) offer another option for low-loss, complementary metal-oxide-semiconductor (CMOS)-compatible plasmonic materials in the infrared range [30] [31] [32] [33] [34] [35] , among which indium-tin-oxide (ITO) is widely studied. ITO nanostructures have been demonstrated for refractive sensing [30] and SEIRA [32, [36] [37] [38] . These ITO nanostructures are usually fabricated by top-down lithography or complex growth mechanisms; hence, more cost-effective and facile nanofabrication techniques are preferred. Colloidal lithography that employs monolayers of polymer spheres as deposition or etching masks provides an efficient method to fabricate various nanoparticle arrays [27, 39, 40] . In this work, we numerically studied the optical properties of ITO nanodisks and nanoholes that can be fabricated by colloidal lithography. Furthermore, we studied the coupling between the plasmon modes of the ITO nanoparticles and the surface phonon polaritons in a thin SiO 2 layer. The results shown here can serve as a guideline for future experimental studies that use ITO for infrared plasmonic sensing applications. Figure 1 shows the geometrical configuration of a representative sample of the studied ITO nanodisk array. The ITO nanodisks sit on top of a Si substrate and form a hexagonal array. Such periodic structures can be fabricated using colloidal lithography and dry etching techniques at a large scale, where the polystyrene spheres act as etching masks for the underneath ITO layers. The diameter of the disks, D, can be precisely controlled by the etching time, providing a facile method of fabricating uniform large-area disk arrays. The rectangle defined by the red dashed line represents the unit cell in the finite time domain difference (FDTD) numerical simulations. Periodic boundary conditions are applied in the x and y directions, while a perfectly matched layer (PML) boundary condition is used in the z direction. A 2-nm fine mesh is applied in the regions with ITO microdisks. The incident light is polarized in the x direction and propagates in the z direction. The reflected light is collected to characterize the optical properties of the ITO disk array. The dielectric constants of Si are obtained from the handbook by Palik [41] . The dielectric constants of ITO are obtained from the Ref. 42 [42] . Traditionally, the noble metal Au is widely used as the plasmonic material due to its chemical stability, biocompatibility, and the ease of surface functionalization, which is particularly advantageous for biosensing applications. However, Au suffers from high intrinsic loss and an increasing price, which hampers its practical applications. Therefore, alternative plasmonic materials have been pursued by researchers [21] [22] [23] , and light metal aluminum (Al) has been revisited as an alternative plasmonic material in the visible as well as in the infrared range [24, 25] . The 2 to 3-nm thick natural oxide layer (Al2O3) can not only protect the underneath Al metal from oxidation, but also provide a means for stable surface functionalization [26] [27] [28] [29] . Heavily doped oxide materials such as transparent conducting oxides (TCO) offer another option for low-loss, complementary metal-oxide-semiconductor (CMOS)-compatible plasmonic materials in the infrared range [30] [31] [32] [33] [34] [35] , among which indium-tin-oxide (ITO) is widely studied. ITO nanostructures have been demonstrated for refractive sensing [30] and SEIRA [32, [36] [37] [38] . These ITO nanostructures are usually fabricated by top-down lithography or complex growth mechanisms; hence, more cost-effective and facile nanofabrication techniques are preferred. Colloidal lithography that employs monolayers of polymer spheres as deposition or etching masks provides an efficient method to fabricate various nanoparticle arrays [27, 39, 40] . In this work, we numerically studied the optical properties of ITO nanodisks and nanoholes that can be fabricated by colloidal lithography. Furthermore, we studied the coupling between the plasmon modes of the ITO nanoparticles and the surface phonon polaritons in a thin SiO2 layer. The results shown here can serve as a guideline for future experimental studies that use ITO for infrared plasmonic sensing applications Figure 1 shows the geometrical configuration of a representative sample of the studied ITO nanodisk array. The ITO nanodisks sit on top of a Si substrate and form a hexagonal array. Such periodic structures can be fabricated using colloidal lithography and dry etching techniques at a large scale, where the polystyrene spheres act as etching masks for the underneath ITO layers. The diameter of the disks, D, can be precisely controlled by the etching time, providing a facile method of fabricating uniform large-area disk arrays. The rectangle defined by the red dashed line represents the unit cell in the finite time domain difference (FDTD) numerical simulations. Periodic boundary conditions are applied in the x and y directions, while a perfectly matched layer (PML) boundary condition is used in the z direction. A 2-nm fine mesh is applied in the regions with ITO microdisks. The incident light is polarized in the x direction and propagates in the z direction. The reflected light is collected to characterize the optical properties of the ITO disk array. The dielectric constants of Si are obtained from the handbook by Palik [41] . The dielectric constants of ITO are obtained from the Ref. 42 [42] . 
Methods

Results and Discussions
For disk arrays fabricated by colloidal lithography, the periodicity P of the arrays is determined by the diameter of the original polystyrene spheres used as etching masks. Thus, in our simulations, we choose the value of P according to some commercially available microspheres, namely P = 2 µm, 3 µm, and 4.4 µm, and the thickness of the disks is fixed at 100 nm. Figure 2a shows the effect of the disk diameter on the reflectance spectra of the samples. As the most popular TCO material, ITO displays metallic behavior in the infrared wavelength range. The real part (ε 1 ) of the dielectric constants of the ITO (obtained from Ref. 42 ) crosses zero at 1.6 µm from the positive to the negative region. The reflectance spectra of the disk arrays show similar trends to those of metallic disk arrays. As the disk diameter D increases, the resonance peak shifts to the longer wavelength range, and the peak intensity increases at the same time. Figure 2b ,c show the near-field distribution of the electric field at 8.24 µm for the disk array with D = 1 µm and P = 2 µm. Clearly, the near field shows enhancement around the disk edges at resonance wavelengths, indicating the dipolar character of the plasmon resonance. As shown in Figure 2b , the hot spots are located at the ITO/Si interface.
Micromachines 2018, 9, x FOR PEER REVIEW 3 of 8 Figure 1 . Illustration of the indium-tin-oxide (ITO) nanodisk array and the numerical simulation region. The ITO nanodisks with diameter D are arranged in a hexagonal array on a Si substrate. The red dashed line indicates the unit cell in the simulation, and the incident light is polarized in the x direction.
For disk arrays fabricated by colloidal lithography, the periodicity P of the arrays is determined by the diameter of the original polystyrene spheres used as etching masks. Thus, in our simulations, we choose the value of P according to some commercially available microspheres, namely P = 2 μm, 3 μm, and 4.4 μm, and the thickness of the disks is fixed at 100 nm. Figure 2a shows the effect of the disk diameter on the reflectance spectra of the samples. As the most popular TCO material, ITO displays metallic behavior in the infrared wavelength range. The real part (ε1) of the dielectric constants of the ITO (obtained from Ref. 42 ) crosses zero at 1.6 μm from the positive to the negative region. The reflectance spectra of the disk arrays show similar trends to those of metallic disk arrays. As the disk diameter D increases, the resonance peak shifts to the longer wavelength range, and the peak intensity increases at the same time. Figure 2b and 2c show the near-field distribution of the electric field at 8.24 μm for the disk array with D = 1 μm and P = 2 μm. Clearly, the near field shows enhancement around the disk edges at resonance wavelengths, indicating the dipolar character of the plasmon resonance. As shown in Figure 2b , the hot spots are located at the ITO/Si interface. Figure 3 shows the effect of the periodicity of the array on the reflectance spectra. The diameter of the disks is fixed at 1 μm. With large periodicity, the filling factor of the disk arrays is low, and thus a broad and shallow peak is observed. As the periodicity becomes smaller, the disk density becomes larger, and more light is reflected and scattered. It is noted that lattice coupling exists inside a nanoparticle array, and the coupling strength depends on the array geometry, particularly the period. At a certain period, constructive interference occurs, leading to a much narrower resonance peak [2] . In our case, such constructive interference happens when the period is ~3 μm, and therefore, smaller or larger periods result in broader resonance peaks. Figure 3 shows the effect of the periodicity of the array on the reflectance spectra. The diameter of the disks is fixed at 1 µm. With large periodicity, the filling factor of the disk arrays is low, and thus a broad and shallow peak is observed. As the periodicity becomes smaller, the disk density becomes larger, and more light is reflected and scattered. It is noted that lattice coupling exists inside a nanoparticle array, and the coupling strength depends on the array geometry, particularly the period. At a certain period, constructive interference occurs, leading to a much narrower resonance peak [2] . In our case, such constructive interference happens when the period is~3 µm, and therefore, smaller or larger periods result in broader resonance peaks. The complementary nanostructures to the disk arrays, i.e., the hexagonal nanohole arrays, can also be easily fabricated by colloidal lithography, where size-reduced spheres can be used as deposition masks for ITO. Therefore, we also numerically studied ITO nanohole arrays, and the results are shown in Figure 4 . Similar to the disk arrays in Figure 2 , the periodicity of the nanohole arrays is fixed at 2 μm, and the thickness is fixed at 200 nm. We only vary the diameters of the nanoholes. Nanohole arrays are known to support extraordinary optical transmission (EOT) due to the excitation of the localized surface plasmon modes of the nanoholes. A major EOT peak is observed in the transmittance spectra at ~8 μm. As the hole diameter increases, the peak intensity increases while the peak position stays in the vicinity of 8 μm in contrast to the large red-shift observed in the ITO disk arrays, as shown in Figure 2a . The different optical behavior can be attributed to the complex mechanism behind the EOT phenomenon where the transmission is mediated by the localized plasmon mode of individual nanoholes and the collective optical modes of the arrays [43, 44] . Figure 4b displays the near-field distribution of the electric field at the resonance peak (8 μm). The complementary nanostructures to the disk arrays, i.e., the hexagonal nanohole arrays, can also be easily fabricated by colloidal lithography, where size-reduced spheres can be used as deposition masks for ITO. Therefore, we also numerically studied ITO nanohole arrays, and the results are shown in Figure 4 . Similar to the disk arrays in Figure 2 , the periodicity of the nanohole arrays is fixed at 2 µm, and the thickness is fixed at 200 nm. We only vary the diameters of the nanoholes. Nanohole arrays are known to support extraordinary optical transmission (EOT) due to the excitation of the localized surface plasmon modes of the nanoholes. A major EOT peak is observed in the transmittance spectra at~8 µm. As the hole diameter increases, the peak intensity increases while the peak position stays in the vicinity of 8 µm in contrast to the large red-shift observed in the ITO disk arrays, as shown in Figure 2a . The different optical behavior can be attributed to the complex mechanism behind the EOT phenomenon where the transmission is mediated by the localized plasmon mode of individual nanoholes and the collective optical modes of the arrays [43, 44] . Figure 4b displays the near-field distribution of the electric field at the resonance peak (8 µm). The complementary nanostructures to the disk arrays, i.e., the hexagonal nanohole arrays, can also be easily fabricated by colloidal lithography, where size-reduced spheres can be used as deposition masks for ITO. Therefore, we also numerically studied ITO nanohole arrays, and the results are shown in Figure 4 . Similar to the disk arrays in Figure 2 , the periodicity of the nanohole arrays is fixed at 2 μm, and the thickness is fixed at 200 nm. We only vary the diameters of the nanoholes. Nanohole arrays are known to support extraordinary optical transmission (EOT) due to the excitation of the localized surface plasmon modes of the nanoholes. A major EOT peak is observed in the transmittance spectra at ~8 μm. As the hole diameter increases, the peak intensity increases while the peak position stays in the vicinity of 8 μm in contrast to the large red-shift observed in the ITO disk arrays, as shown in Figure 2a . The different optical behavior can be attributed to the complex mechanism behind the EOT phenomenon where the transmission is mediated by the localized plasmon mode of individual nanoholes and the collective optical modes of the arrays [43, 44] . Figure 4b displays the near-field distribution of the electric field at the resonance peak (8 μm). It is noted that the free carrier density of ITO depends on the preparation techniques as well as post-deposition annealing [42, 45] . Thus, the dielectric constant of ITO can be readily tuned via various parameters in deposition and annealing, providing an effective means of controlling the optical properties of ITO nanoantennas and making ITO an attractive material for infrared plasmonics [30] . The results presented here are based on the dielectric constants in earlier reports [42] .
The infrared nanoantennas can concentrate the electromagnetic field into subwavelength volume, leading to significantly enhanced near-field intensity, i.e., hot spots, which have been utilized in various SEIRA reports with different nanoantenna designs and materials, including TCO materials [46] . As we shown in Figure 2 , such near-field enhancement occurs around the ITO disks. We further investigated their sensing capability by placing a 2-nm thick SiO 2 layer under the ITO disks and detecting the surface phonon polariton (SPhP) signal from the SiO 2 . The collected reflectance spectra are shown in Figure 5a , where the simulated disk arrays have the same dimensions as those in Figure 2a . Compared with Figure 2a , distinct dips are observed on these spectra, and the dips appear around 8 µm, which is inside the range of the Fuchs-Kliewer surface phonon polariton of SiO 2 , and is consistent with previous reports [40] . It is noted that the presence of ITO microdisks facilitate the excitation of the SiO 2 SPhP, as the required additional momentum could be provided by the scattered light from the microdisks [47] . The shape and intensity of the dip are apparently affected by the detuning between the vibrations and the plasmon resonances. When the plasmon peak shows a good overlap with the vibration, as for ITO disks with D = 1 µm, the intensity of the dip reaches the maximum. Thus, we chose this ITO disk array (P = 2 µm and D = 1 µm) to study the effect of the SiO 2 layer thickness, as shown in Figure 5b . As the SiO 2 layer thickness increases, the intensity of the dip increases, because more SiO 2 is included inside the volume of the hot spots, resulting in a stronger coupling between the plasmon mode and the vibration. It is noted that the free carrier density of ITO depends on the preparation techniques as well as post-deposition annealing [42, 45] . Thus, the dielectric constant of ITO can be readily tuned via various parameters in deposition and annealing, providing an effective means of controlling the optical properties of ITO nanoantennas and making ITO an attractive material for infrared plasmonics [30] . The results presented here are based on the dielectric constants in earlier reports [42] .
The infrared nanoantennas can concentrate the electromagnetic field into subwavelength volume, leading to significantly enhanced near-field intensity, i.e., hot spots, which have been utilized in various SEIRA reports with different nanoantenna designs and materials, including TCO materials [46] . As we shown in Figure 2 , such near-field enhancement occurs around the ITO disks. We further investigated their sensing capability by placing a 2-nm thick SiO2 layer under the ITO disks and detecting the surface phonon polariton (SPhP) signal from the SiO2. The collected reflectance spectra are shown in Figure 5a , where the simulated disk arrays have the same dimensions as those in Figure 2a . Compared with Figure 2a , distinct dips are observed on these spectra, and the dips appear around 8 μm, which is inside the range of the Fuchs-Kliewer surface phonon polariton of SiO2, and is consistent with previous reports [40] . It is noted that the presence of ITO microdisks facilitate the excitation of the SiO2 SPhP, as the required additional momentum could be provided by the scattered light from the microdisks [47] . The shape and intensity of the dip are apparently affected by the detuning between the vibrations and the plasmon resonances. When the plasmon peak shows a good overlap with the vibration, as for ITO disks with D = 1 μm, the intensity of the dip reaches the maximum. Thus, we chose this ITO disk array (P = 2 μm and D = 1 μm) to study the effect of the SiO2 layer thickness, as shown in Figure 5b . As the SiO2 layer thickness increases, the intensity of the dip increases, because more SiO2 is included inside the volume of the hot spots, resulting in a stronger coupling between the plasmon mode and the vibration. 
Conclusions
In summary, we have numerically studied the optical properties of hexagonal ITO nanodisk arrays and nanohole arrays. We specifically tune the dimensions of the nanostructures to shift their plasmon resonances in the infrared wavelength range, making them suitable for SEIRA sensing applications. Both the ITO disks and nanoholes show distinct plasmon resonances in the 
In summary, we have numerically studied the optical properties of hexagonal ITO nanodisk arrays and nanohole arrays. We specifically tune the dimensions of the nanostructures to shift their plasmon resonances in the infrared wavelength range, making them suitable for SEIRA sensing applications. Both the ITO disks and nanoholes show distinct plasmon resonances in the mid-infrared range, and field enhancement up to 10 times is observed in the ITO nanostructures. The resonances of the ITO disk arrays can be readily tuned in a broad wavelength range. We also demonstrate the excitation and sensing of the surface phonon polariton signal from a 2-nm thick SiO 2 layer under the disk arrays. Both
